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ABSTRACT 


The  viscosity,  thermal  conductivity,  electrical  conductivity,  binary  diffusion 
coefficients,  and  total  radiated  power  in  the  continuum  have  been  calculated  for 
hydrogen,  nitrogen,  oxygen,  and  air  for  temperatures  from  1000  to  30,  000*K 
and  for  pressures  from  1  to  30  atm.  The  viscosity,  electrical  and  thermal  con- 
ductivities,  and  diffusion  coefficients  were  calculated  from  the  first  Chapman- 
Enskog  approximation^*  ^  using  the  best  available  cross-section  data  from  the 
literature.  Coulomb  collisions  were  treated  approximately  by  means  of  effec¬ 
tive  collision  cross  sections,  chosen  to  make  the  calculated  transport  propertief 
agree  with  the  results  of  Spitzer  and  H&rm^  for  the  fully  ionized  case.  Effects 
of  ambipolar  diffusion  and  charge  exchange  were  included  in  the  calculation. 

The  continuum  radiated  power  was  calculated  from  Kramers'  semiclasaical  ap¬ 
proximation^  with  an  empirical  correction  factor  to  make  the  results  agree  with 
the  limited  experimental  data  available  in  the  range  of  interest. 


The  calculated  transport  properties  agree  well  with  the  results  of  Mason, 
et  al,5“7  at  low  temperatures  and  of  Spitzer  and  Hdrm^  at  high  temperatures, 
but  in  the  intermediate  temperature  range,  from  about  10,000  to  20,000CK,-  the 
results  differ  rather  significantly  from  the  results  obtained  by  previous  inves¬ 
tigators.  The  major  difference  is  in  the  reaction  thermal  conductivity  due  to 
ionization,  where  the  inclusion  of  charge  exchange  results  in  a  thermal  con¬ 
ductivity  almost  an  order  of  magnitude  lower  than  that  obtained  in  most  previous 
calculations . 
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I.  INTRODUCTION 


In  connection  with  current  Avco  RAD  studies  on  the  electric-arc  positive  col¬ 
umn  and  on  re-entry  problems,  it  was  found  necessary  to  have  reasonably  ac¬ 
curate  values  for  the  transport  properties  of  various  gases  at  high  tempera¬ 
tures.  The  experimental  measurement  of  the  transport  properties  of  gases  is 
very  difficult  for  temperatures  above  about  2000<>K,  so  that  up  to  the  present 
time  moat  of  our  knowledge  of  the  transport  properties  in  this  temperature 
range  has  had  to  be  obtained  from  kinetic  theory  calculations.  A  consider¬ 
able  number  of  such  calculations  have  been  made  in  the  past  for  various  high- 
temperature  gases,  5-32  a  review  of  some  of  the  work  on  air  is  given  in 
references  5  and  15.  Unfortunately,  however,  accurate  information  cn  the  re¬ 
quired  atomic-  and  molecular- collision  cross  sections  at  high  temperatures 
has  generally  not  been  available  until  quite  recently,  so  that  many  of  the  earlier 
calculations  are  seriously  in  error,  because  of  incorrect  values  used  for  some 
of  the  required  collision  cross  sections.  For  example,  in  the  case  of  air,^ 
the  uncertainty  in  the  cross  sections  has  led  to  a  difference  of  as  much  as  a 
factor  of  2,  or  more,  in  the  values  of  the  transport  properties  calculated  by 
different  investigators.  This  situation  is  rapidly  changing,  however,  and  it 
is  now  possible  to  obtain  rather  accurate  values  for  many  of  the  required  cross 
sections,  33,  34  ao  that  the  transport  properties  of  high- temperature  gases 
can  now  be  calculated  with  considerably  greater  accuracy  than  has  been  possi¬ 
ble  In  the  past.  5-7,33  in  view  of  this  situation,  it  seemed  desirable  to  under¬ 
take  a  systematic  recalculation  of  the  relevant  gas  transport  properties,  using 
the  latest  available  data  for  the  required  collision  cross  sections. 

The  present  memorandum  is  a  preliminary  report  on  Avco  RAD's  calculations 
of  the  transport  properties  of  various  gases  at  high  temperatures.  In  this  work, 
it  was  not  attempted  to  make  any  extensions  of  present  theory,  but  simply  to 
calculate  the  transport  properties  ae  accurately  as  possible  using  presently 
available  methods  and  data.  The  details  of  the  calculation?!  procedure  are 
described,  and  results  are  presented  for  hydrogen,  nitrogen,  oxygen,  and  air 
for  temperatures  from  1000  to  30,000*K  and  pressures  from  1  to  30  atm.  The 
properties  included  in  the  calculation  are  the  electrical  conductivity,  thermal 
conductivity,  viscosity,  binary-diffusion  coefficients,  and  total  continuum 
r 'diation  (line  and  band  spectral  radiation  has  not  been  included). 
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n.  DISCUSSION 


A.  TRANSPORT  PROPERTY  FORMULAS 


The  calculations  of  the  electrical  and  thermal  conductivities,  viscosity,  and 
diffusion  coefficients  are  based  on  the  first  Chapman- Enskog  approximation, 
summarised  in  reference  1.  This  approximation  gives  explicit  formulas  for 


the  transport  properties  in  terms  of  certain  "collision  Integrals"  »r 0 •  j 


de 


fined  in  reference  6,  which  describe  the  interaction  between  molecules  of 
species  i  and  j,  and  which  have  the  physical  significance  of  an  effective  croee 
section  for  collisions  between  molecules  i  and  j  .  Specifically,  the  collision 

integrals  are  defined  aa  weighted  averages  of  the  collision  cross  sec- 

tlons  of  the  form 


ff 


exp  (-  y2)  >2  •  +  ^  (1  -coa  *  X)  4rrojj  »in  X  d  X  dy 


?;(*••)  0  '0 
frtljj - 


// 

*6  o 


e*p  (-y2)  y 2  *  +3  (l-co**  X)»inXdX<ly 


where  a-f-  -o;:(X. g)  is  the  differential  scattering  cross  section  for  the  pair  i  -  j , 
X  is  the  scattering  angle  in  the  center  of  matt  system,  g  is  the  relative  veloc¬ 


ity  of  the  colliding  particles,  and  y  - 

-  (/.») 


- g  is  the  reduced  velocity.  The 

7  (mj  +  nij)  IcT 

_  _  Jl// _ /  -  _ J _ _ _ 1  _  rt'  1  y 


w  j 

collision  integrals  irG-j  defined  in  this  way  differ  from  the  integrals  0 


defined  in  reference  1  only  in  the  normalization  factor  occurring  in  the  defini¬ 
tion  (1). 


In  this  work,  the  complete  kinetic -theory  formulae  for  the  transport  properties 
given  in  reference  1  were  not  used,  but  instead  the  formulas  were  approximated 
by  the  following  relations:" 5,  3  5,  36 


1.  Viecoaity  jx . 


2.  Thermal  conductivity  K, 

K  -  “tr  +  Kim  -  Kr 

where  the  translational  thermal  conductivity 
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and  the  reaction  thermal  conductivity* 


K  -  k 


(Afy/RT)2 


l-  1 


7!  (nn/*;)  <nii  ~  "lj  *,)  A(,j3 


i  -  1 


i  -  i 
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(5) 


(6) 


*Noc*  that  t!i«  formula  already  include*  the  effect*  of  ambipolar  diffusion  on  the  reaction  conductivity  of  an  ionised  gas. 
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3.  Electrical  conductivity  a , 


a  -  («JAT) 


(7) 


where  the  prime  on  the  aummatlon  sign  indicate*  that  the  term  i(  Ae*e* ^ 
la  omitted  from  the  eum, 

4.  Binary  diffusion  coefficient  0-jt 
Di(  -  (kT)/(p  . 

In  the  above  equationa, 


±  J-lH - 

1  )  jf  irkT  (m^  ♦  mj) 


n  (1*1} 
n  Ojj 


ii  J  2m‘-i 

5  y  irkT  (mj  + 


_  n<*.2) 

mj)  ' 


and 


ttn  -  1  + 


tl  -(Oj/mj)]  [0.45  -  2.54  (m/oij)] 

[1  -r  Imj/lDj)]2 


where 


(9a) 

(9b) 


(10) 


■j  ia  the  maaa  of  a  particle  of  epeciee  i 
*;  ia  the  mole-fraction  o  1  apeciea  i 

cp-  ia  the  apecific  heat  per  mole  at  conatant  preeaure  for  apeciea  i 

n  la  the  total  number  of  apeciea  preaent  in  the  ayetem, 

the  ojj  are  the  atoichiometrlc  coefficienta  in  the  / th  chemical 

o 

reaction  written  in  the  balanced  form  £  n{i  -  0 

i  «  1 
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n 

AH i  «  njj  Hj  is  the  heat  of  reaction  per  mole  for  the  Ith  re* 

i  -1 

action 


m  is  the  total  number  of  independent  reactions  occurring  in  the 
system 

k  is  Boltzmann's  constant 

R  is  the  universal  gas  constant 

e  is  the  electronic  charge 

p  is  the  pre ssure . 


Although  still  somewhat  complicated,  equations  (2)  through  (10)  above  are 
much  simpler  than  the  equations  given  by  the  first  Chapman-Enskog  approxi- 
mationl  and  give  results  within  a  few  percent  of  the  latter,  in  most  cases.  25,  35 


Since  the  collision  integrals 


are  known  within  only  about  10  to  20  per¬ 


cent  at  best,  the  additional  error  introduced  in  our  results  by  using  the  approxi¬ 
mate  equations  (2)  through  (10)  in  place  of  the  complete  first  Chapman-Enskog 
approximation  is  negligible. 


The  effects  of  Coulomb  collisions  are  not  given  very  accurately  by  the  first 
Chapman-Enskog  approximation;  for  example,  in  the  limiting  case  of  a  fully 
ionized  gas,  the  transport  properties  calculated  from  this  approximation  differ 
by  about  a  factor  of  2  from  those  obtained  from  an  accurate  solution  of  the 
Boltzmann  equation.  3 , 37 , 38  Several  authors^,  37-40  have  suggested  more 
accurate  approximations  for  treating  the  effects  of  Coulomb  collisions,  but  a 
complete  solution  of  the  problem  has  apparently  not  yet  been  given  for  a  gas 
of  arbitrary  degree  of  ionization.  In  the  present  work,  interpolation  was  ef¬ 
fected  through  the  region  of  partial  ionization  by  means  of  equations  (2)  through 
(10)  using  effective  Coulomb  collision  cross  sections  chosen  to  make 

the  calculated  transport  properties  agree  as  closely  as  possible  with  the  re¬ 
sults  of  Spitzer  and  H’arm^  for  the  fully  ionized  case. 


B.  CONTINUUM  RADIATION  FORMULA 

The  total  continuum  radiated  power  per  ur'.  ...  .  ne  P  was  estimated  from 
Kramers'  eemicla  asical  appro jdmation‘1 


64  f ir^  A  v 

3  >/6"mc^^c^(kT)^/'^ 


**  2  ^ 


where 

A i/  is  the  bandwidth  of  the  spectrum,  assumed  equal  to  the  width 
Ai/g  -  4k1/h  of  the  blackbody  distribution 

c  is  the  velocity  of  light 

h  is  Planck's  constant 

7-;*  is  the  effective  ionic  charge  of  the  species  i  for  radiative  collisions 
with  electrons 

y»3  is  an  empirical  constant  introduced  in  order  to  make  the  calculated 
values  of  the  total  radiated  power  Pc  agree  as  well  as  possible  with 
the  limited  experimental  data  available  at  high  pressures.41*42 

Molecular -band  and  atomic-line  radiation  were  not  included  in  the  calculation.. . 
sinco  these  processes  generally  make  a  negligible  contribution  to  the  total  ra¬ 
diated  power  at  the  very  high  temperatures  for  which  radiative  heat  losses  are 
important  in  the  overall  energy  balance. 

C.  COLLISION  CROSS  SECTIONS 


The  transport  properties  of  hydrogen,  nitrogen,  oxygen,  and  air  at  temperatures 
from  1000  to  30,000*K  and  pressures  from  1  to  30  atm  have  been  computed 
from  equations  (2)  through  (li),  ueing  a  program  whichhaa  been  set  up  for  the 
Philco  2000  digital  computer.  The  species  included  in  the  calculations  were 
as  follows:  for  hydrogen,  H^,  H,  H+,  and  e;  for  nitrogen,  N2,  N,  N+,  N^, 
and  e;  for  oxygen  O2.  O,  0+,  0++,  and  e;  for  air,  N2.  N,  N+,  N++,  O2,  O, 

0+,  NO,  NO+,  and  *.  The  equilibrium  gas  composition  was  taken  from  ref¬ 
erences  43  and  44  while  the  thermodynamic  functions  Hj  and  Cp£  for  the  in¬ 
dividual  species  were  obtained  from  internal  calculations  at  Avco  PAD.  45>  46 

The  required  collision  integrals  ^  were  obtained  from  a  fairly  extensive 

survey  of  the  literature  and  are  shown  in  figures  1  through  4.  The  solid  curves 
in  these  figures  indicate  cross  sections  for  which  fairly  reliable  data  were 
found  in  the  literature,  while  the  dashed  curves  are  estimated  cross  sections 
for  the  cases  where  good  data  are  not  available.  Since  the  accuracy  of  the 
calculated  transport  properties  is  largely  determined  by  the  accuracy  of  the 
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Figure  E  COLLISION  INTEGRALS  FOR  NITROGEN  VERSUS  TEMPERATURE 
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COLLISION  INTEGRALS  , 


Input  data  on  the  collision  integrals, 
the  present  work  is  given  below. 

The  collision  cross  sections  rrfi/j  ’ 


a  brief  discussion  of  the  values  used  in 


for  the  atomic  and  molecular  interactions 


(H-H,  H-H2,  H2-H2,  N-N,  N-N-j,  and  so  forth),  were  obtained  from  the  recent 
calculations  of  Mason,  et  al,®»  '  for  temperatures  up  to  15,  000*K.  The  values 
for  the  H-H,  H-H2,  H2-H2,  N-N,  N-N2,  N2-N2,  O-O,  0-02,  °2-°2>  N“°*  N2-°- 
andN2-02  interactions  were  taken  directly  from  Mason's  tabulation,  while  the 
values  for  O-NO,  O2-NO,  N2-NC,  and  NO-NO  were  calculated  as  averages  of  the 
above  interactions,  as  recommended  by  Mason.  ?  The  cross  sections  for  the 
remaining  interactions  N-02  and  N-NO  which  are  not  tabulated  by  Mason  were 
assumed  to  be  approximately  the  same  as  for  the  other  neutral-neutral  inter¬ 
actions.  Since  these  two  interactions  occur  only  very  infrequently  in  equilibrium 
air,  the  exact  values  as  Burned  for  their  cross  sections  will  have  a  negligible  ef¬ 
fect  or.  the  calculated  transport  properties. 


For  temperatures  above  15,000°K,  the  cross  section  s  for  the  atomic  inter¬ 
actions  H-H  and  N-N  were  obtained  by  extending  Mason's  calculations  up  to 
30,  000*K,  using  the  same  potential  functions  as  were  used  in  his  work.  47  • 

The  cross  sections  for  the  remaining  neutral-neutral  interactions  were  simply 
extrapolated  roughly  to  30,  000*K,  assuming  the  same  temperature  dependence 
as  was  calculated  for  H-H  and  N-N.  This  procedure  will  evidently  lead  to  a 
slight  error  in  the  neutral- neutral  crest,  sections  and  the  corresponding  binary 
diffusion  coefficients  at  the  highest  temperatures  calculated;  however  .since 
neutral  species  are  not  important  at  the  high  temperatures,  the  effect  on  the 
overall  transport  properties  should  be  negligible. 


In  the  case  of  the  interactions  H-H+,  N-N4,  0-0+,  and  NO-NO+  between  a 
neutra1  species  and  its  own  ion,  it  is  necessary  to  consider  the  effects  of 
resonant  charge  exchange.  This  problem  is  discussed  in  reference  49,  where 
it  is  shown  that  charge  exchange  results  in  an  anumaloualy  large  diffusion 
cross  section  1 )  but  has  no  effect  on  the  viscosity  cross  section  it!}*2,  2^; 

the  explicit  formulas  used  in  calculating  these  cross  sections  are  given  in  ref¬ 
erence  49.  For  H-H+  the  collision  integral  V+  was  obtained  by  approxi- 

mating  the  H-H+  interaction  potentials  given  by  Fallon,  et  al  *7  with  potentials 
for  which  the  collision  integrals  are  known,  just  as  was  done  above  for  the 
atomic  and  molecular  interactions.  To  obtain  the  collision  integral 
-  (1.  1) 

,  the  charge  exchange  cress  section  for  H-H+  given  by  Gurnee  and 
MageeSO  wag  fitted  to  the  analytic  expression 

Q*,  -  (A  -  B  log  v)2  (12) 

with  the  constants  A  *  2,  1  x  10*  2  cm  and  B  =  2,2  x  10’®  cm,  and  the  expression 
for  ir  1  ^  given  in  reference  49  was  then  integrated  analytically 51  to  obtain 
the  result 
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« 


-  (1,  1)  ,  , 

rrO  ^  (39.8  B2  ~  17.8  AB  +  2  A2)  + 

H  —  H 


where  the  atomic  weight  M»  1. 008  for  hydrogen. 

There  appearo  to  be  very  little  data,  available  at  present  on  the  ion-neutral 
interaction*  for  the  nitrogen  and  oxygen  species  of  interest  here.  Lacking  any 

better  information,  the  viscosity  cross  sections  n  ft  *  and  rrO  '  were 

M  HT4-  0-0 

N  —  N  ~  _ 

calculated  from  the  approximate  potentials  given  by  Peng  and  Pindroh,  <-=>  .vhich 
they  obtained  Dy  drawing  &  smooth  curve  joining  the  polarization  potential  at 
large  intemuclear  distances  to  a  ivlorae  potential  obtained  from  spectroscopic 
data  at  short  distances.  The  charge  exchange  cross  section  for  both  oxygen 
and  nitrogen  was  assumed  to  be  of  the  form  (12),  with  the  constants  A  and  B 
estimated  in  the  case  of  oxygen  by  curvefitting  Dalgarno's  estimated  cross 
section,  52  anti  case  of  nitrogen  by  means  of  an  approximate  one-electron 

calculation50,  53  using  the  Hartree-Fock  wave  functione  for  nitrogen.  54  The 
values  of  A  and  B  obtained  in  this  way  were  A  ■  i.t  »  in*7  cm.  fi  =  l.Zx  10*8 
cm  for  oxygen,  and  A  ■=  2,2  x  10-7  cm,  3  *  2.  1  x  10*8  cm  for  nitrogen,  with 
an  estimated  error  of  perhaps  a  factor  of  2  either  way  in  the  cross  sections. 

The  charge  exchange  cross  section  for  NO-NO+  was  also  assumed  to  be  of  the 
form  of  equation  (12)  with  the  constants  A  =  1. 5  x  10"  7  cm,  0  =  i.  7  x  10"®  cm 
obtained  by  fitting  experimental  data  in  the  neig.  borhood  of  150  ev.  55 

For  the  temperatures  considered  in  the  present  work,  the  cnarge- exchange 
cross  sections  for  nonresonant  ion-neutral  collisions  (N-0+,  C-N+,  N?-N+, 
and  so  forth)  should  be  negligible,  so  that  the  collision  cross  sections 
and  irfl  for  such  collisions  will  have  their  usual  gas-kinetic  values.  For 
the  case  of  N-G+  and  0-N+,  these  crose  sections  were  again  calculated  from 
the  approximate  polarization  potentials  given  by  Peng  and  Pindroh,  25  and  the 
N-0+  potential  was  also  used  to  calculate  the  cross  section  itIM2.2)  for  the 
infrequent  NO-NO+  collision.  The  remaining  ion-neutral  collisions,  which 
involve  either  doubly  charged  ions  or  molecules,  or  both,  occur  only  very 
rarely  for  equilibrium  conditions;  hence,  it  was  sufficient  for  the  present 
work  to  take  their  cross  sections  equal  to  the  corresponding  gas  kinetic  values 
for  the  collisions  of  atoms  and  singly  charged  ions. 

There  has  been  a  good  deal  of  experimental  work  on  the  electron- molecule 
croaa  sections  e-H2»  e-Ng,  ®-Oz*  e-NO,  and  the  approximate  values  and 
general  trends  with  electron  energy  seem  to  be  well  established,  58-60  although 
there  is  still  some  disagreement  on  the  e-N^  and  e-C^  cross  sections  at  low 
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temperatures.  60-61  From  the  scatter  in  the  results  of  the  various  experiment¬ 
er*,  wu  estimate  an  uncertainty  of  about  30  to  40  percent  in  the  electron-mole¬ 
cule  cross  sections  for  the  energies  considered  here.  In  the  present  work,  the 
cross  sections  tabulated  by  Massey  and  Burhop^6  were  used  for  e-02  and  e  NO, 
and  the  values  of  Crompton  and  Sutton57  were  used  for  e-N^  and  e-H£.  The 
experimental  data  gave  the  values  of  directly;  for  simplicity,  ) 

was  taken  equal  to  rr Cl  f 1  ^ ^  since  this  approximation  has  a  negligible  effect  on 
the  calculated  transport  properties. 

The  low-energy  elastic- scattering  cross  section  for  the  e-H  system  has  been 
studied  quite  extensively  in  the  last  few  years,  34,62  both  experimentally  and 
theoretically,  and  now  seems  to  be  quite  well  understood.  In  calculating  the 
collision  Integrals  from  this  data,  S-wave  scattering  was  assumed  and  the  total 
cross  section  was  approximated  by  means  of  the  simple  analytic  curvefit 

5.28  xlO-15  ,  (14) 

o  m  — ■■  i  cm* 

V~ ” 

where  kTe  is  the  electron  energy,  and  T0  =  3300*K  is  a  constant.  The  integrals 
could  then  be  evaluated  analytically  to  give 


,,0(1.1)  „  J<28xio 

H-e 


i  ["'  T  (rl  ’  2  (t)1 


JfcY  -(!•).  i\  Ji  . ,($jt 
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In  contrast  to  the  case  of  e-H,  the  cross  sections  for  e-N  and  e-O  scattering 
are  still  quite  uncertain,  although  some  information  on  the  e-O  system  is  now 
beginning  to  become  available.  63  The  e-O  cross  sections  used  In  the  present 
work  were  obtained  from  a  rough  curvefit  to  the  experimental  data,  63-64  the 

same  values  being  used  for  the  diffusion  and  viscosity  cross  sections 

and  Following  a  suggestion  of  Kivel,  65  the  N-e  cross  section  was 

estimated  by  extrapolation  of  the  experimental  results  on  e-O,  using  the  scaling 
between  N  and  O  suggested  in  references  66  and  6?.  In  this  wuy  a  cross  sec¬ 
tion  .a™  •  irtl  N-V  *  5  X  10“  <3^2  £0  estimated, in  agreement  with  an  ap¬ 

proximate  experimental  value  obtained  by  Maecker  in  the  electric  arc.  68 

For  the  Coulomb  collisions  (e-e,  e-H4,  H+-H4,  e-N4,  e-N44,  and  so  forth) 
effective  collision  integrals  were  chosen  so  as  to  make  the  calculated  values  of  the 
electrical  conductivity  and  the  electronic  contribution  to  the  thermal  conducti¬ 
vity  agree  as  closely  as  possible  with  the  results  of  Spitzer  and  Harm3  when 
the  gas  is  completely  ionized.  The  value  of  thermal  conductivity  used  in  this 
comparison  was  Spitzer  and  HSrm's  corrected  value  t  K,  which  includes  the 
effects  of  ambipolar  diffusion.  Since  Spitzer  and  Harm  consider  only  the 
electronic  contribution  to  the  transport  properties,  their  results  do  not  directly 
determine  the  ion-ion  collisio  integrals;  hence  it  was  necessary  to  estimate 
these  latter  quantities  by  comparison  with  the  corresponding  electron-ion  cross 
sections.  Thus,  those  transport  properties,  such  as  viscosity  and  reaction 
thermal  conductivity,  which  depend  primarily  on  ion- ion  interactions,  will  pro¬ 
bably  not  be  given  as  accurately  by  the  present  calculations  as  are  the  elect  rical 
conductivity  and  electronic  thermal  conductivity  which  are  based  directly  on 
the  calculations  of  Spitzer  and  H4rm.  Specifically,  the  formulas  used  for  the 
Coulomb  collision  integrals  in  our  calculations  were 


-  (2.2) 

"at-e 

a 

0.73  Qc 

n  (lll) 

-  0.89  Qc 

0  <V> 

'rne-l 

- 
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12.8  Qc 


where  the  subscripts  1  and  2  indicate  singly  and  doubly  charged  ions,  respec¬ 
tively,  and 


Qc  -  (e^T)2  lo  A.  -  J.22  x  JO-6 


lOg.Q  t? 


la  the  well  known  Gvoadover  croaa  section  for  Coulomb  collisions.  In  evaluat¬ 
ing  the  cutoff  parameter  A  in  equation  (16b),  a  cutoff  at  the  Debye  length  for 
low  electron  densities  and  at  the  mean  ionic  distance  for  high  electron 
densities  has  been  used,  as  recommended  by  Spitzer  and  Harm,  3  and  inter¬ 
polated  between  the  two  extreme  cases  by  means  of  a  root-mean- square  inter¬ 
polation  formula. 


A2  _  9QCT)3  16  (kT)2 

4  tr  +  e4 

where  ne  is  the  number  of  free  electrons  per  unit  volume. 


(16c) 


The  nitrogen  and  oxygen  atoms  have  low-lying  electronic  states  at  a  few  elec¬ 
tron  volts  which  are  appreciably  populated  for  the  conditions  of  the  calculations. 
To  estimate  the  effect  of  these  states  on  the  transport  properties,  it  is  noted 
that  they  belong  to  tfce  same  electronic  configuration  as  the  ground  state,  and 
hence  have  approximately  the  same  radii  for  the  electronic  charge  distribution. 
It  is  therefore  expected  that  the  collision  cross  sections  for  these  excited  atoms 
will  be  roughly  the  same  as  they  are  for  ground- state  atoms,  except  for  cases 
in  which  exchange  of  excitation  energy  can  occur,  and  that  the  cross  section 
for  the  latter  process  will  be  of  the  same  order  as  the  corresponding  charge 
exchange  cross  section.  49  Thus,  it  is  expected  that  the  only  important  effect 
of  the  low-iying  excited  states  will  be  to  reduce  the  contribution  to  the  internal 
thermal  conductivity  due  to  excited  nitrogen  and  oxygen  atoms  by  impeding  the 
relative  diffusion  of  the  ground-state  and  excited  atoms.  This  effect  has  been 
taken  into  account  in  the  transport  property  calculations  by  replacing  the  colli¬ 
sion  integrals  and  equation  (5)  for  Xint  by  the  corresponding 

.  (i  i)  —  (1,1) 

values  <rU  and  *u  estimated  for  charge  exchange.  With  this  ap- 

N  — N +  0-0+  os  r 

proximation,  the  calculated  value  of  K.  due  to  excited  atoms  is  very  small, 

so  that  the  final  transport-property  values  are  essentially  the  same  as  would 

have  been  obtained  if  the  effects  of  excited  electronic  states  had  been  neglected 

altogether. 


The  low-lying  excited  states  of  ionic, ad  nitrogen  and  oxygen  will  behave  similarly 
to  those  of  the  un-ionized  atoms,  except  that  in  this  case  the  Coulomb  cross 
sections  should  dominate  the  cross  section  for  excitation  exchange,  to  that 
there  will  be  no  effect  at  all  on  the  transport  properties,  and  equations  (2) 
through  (10)  wiL.  be  correct  as  they  stand. 

The  above  arguments  do  not  apply  to  highly  excited  electronic  states  since 
these  have  considerably  larger  radii  than  the  ground  states,  and  hence  much 
larger  colUsion  cross  sections;  however,  the  number  of  atoms  in  these  highly 
excited  states  is  low  enough  for  the  conditions  of  this  work  that  they  are  not 
expected  to  have  a  major  effect  on  the  transport  properties. 

In  calculating  the  total  radiated  power  in  the  continuum  from  equation  (11)  the 
effective  charge  Zje  for  the  ions  was  taken  to  be  equal  to  their  actual  net  charge, 
while  for  the  neutrals  the  approximate  value  Z?  =  0.02/3  suggested  by  Kivel 
and  Bailey69  for  nitrogen  was  used  in  all  cases.  While  this  approximation  is 
of  course  not  too  accurate  in  detail,  we  believe  that  it  should  reflect  the  main 
features  of  the  total  radiation  rather  well  at  the  higher  temperatures  (above 
about  10,  000  *K). 


III.  RESULTS  OF  TRANSPORT  AND  RADIATION 
PROPERTY  CALCULATIONS 


The  final  results  of  the  transport  and  radiation  property  calculations  are  given 
in  tables  I  through  XVIII,  and  figures  7  through  22.*  For  the  lower  temperatures 
where  ionization  is  not  important,  the  overall  accuracy  of  the  calculated  trans- 
port  properties  (except  diffusion  coefficients  and  radiation)  is  estimated  to  be 
about  10  to  20  percent,  this  error  being  due  primarily  to  uncertainties  in  the 
knowledge  of  the  required  collision  cross  sections.  At  the  higher  temperatures, 
the  accuracy  of  the  calculated  transport  properties  becomes  considerably 
poorer;  for  hydrogen,  a  probable  error  of  about  50  percent  is  estimated,  due 
primarily  to  the  approximate  treatment  of  Coulomb  collisions  and  of  excited 
states  in  the  calculation;  for  the  other  gases,  the  probable  error  is  somewhat 
greater  because  of  lack  of  knowledge  of  the  ion- atom  and  electron-atom  inter¬ 
actions. 

For  convenience  in  the  applications,  binary  diffusion  coefficients  have  been 
tabulated  for  all  molecular  pairs  for  which  cross  sections  are  given  in  figures 
1  through  4,  even  though  in  some  cases  the  relevant  collision  cross  sections 
are  not  known  too  accurately.  Those  pairs  for  which  the  diffusion  coefficients 
are  felt  to  be  significantly  less  accurate  than  the  transport  properties  for  the 
gas  as  a  whole  are  indicated  by  an  asterisk  in  the  tables,  in  all  cases  however, 
it  is  believed  that  the  tabulated  diffusion  coefficients  should  be  within  at  least 
a  factor  of  2  or  3  of  the  correct  value.  For  an  ionized  gas,  the  usual  quantity 
of  interest  in  the  applications  is  the  ambipolar  diffusion  coefficient,  which  is 
equal  to  approximately  twice  the  ion-neutral  coefficient  tabulated  here. 

The  calculated  values  of  the  continuum  radiated  power  are  estimated  to  be 
correct  within  a  factor  of  2  or  3. 

Transport  properties  have  been  calculated  recently  for  un- ionized  hydrogen, 
nitrogen,  oxygen,  and  air  up  to  about  10,000*K  by  Mason,  et  al,-*"^  using  the 
same  input  data  on  the  neutral-neutral  collision  cross  sections  as  were  used 
in  the  present  work.  As  would  be  expected,  our  results  are  in  essential  agree¬ 
ment  with  those  of  Mason,  et  al,  for  the  lower  temperatures;  however,  for 
temperatures  of  about  7000*K  and  above  the  effects  of  ionization  are  no  longer 
negligible,  and  our  calculations  begin  to  deviate  significantly  from  Mason's 
values. 

At  the  highest  temperatures  considered,  our  values  for  the  electrical  and  thermal 
conductivity  are  in  good  agreement  with  the  results  of  Spitzer,  et  al^  for  a 
fully  ionized  gas,  as  they  should  be.  For  the  intermediate  temperature  range, 

*  Approximate  value#  of  the  thermodynamic  propertita  for  the  conditions  covered  in  this  report  can  be  found  in  reference  43. 
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from  about  10,000  to  20, 000*K,  however,  the  prsssnt  results  appear  to  differ  rather 
significantly  from  thc-ss  obtained  by  earlier  inveetigatore,  due  primarily  to 
differences  in  the  assumed  collision  cross  sections.  In  particular,  the  explicit 
inclusion  of  charsc-exchange  effects  in  the  present  work  results  in  a  diffusion 
cross  section  between  atoms  and  atomic-ions  which  is  almost  an  order 

of  magnitude  larger  than  the  gas-kinetic  cross  section  used  in  most  previous 
high- temperature  transport-property  calculations.  This  leads  to  a  reduction 
of  almost  an  order  of  magnitude  In  the  reaction  thermal  conductivity  due  to 
ionisation,  so  that  it  becomes  comparable  to  the  translational  thermal  conduc¬ 
tivity;  hence,  the  large  peek  in  the  total  thermal  conductivity  in  the  ionisation 
region,  which  was  obtained  in  many  of  the  previous  calculations,  no  longer 
occurs.  Since  the  specific  heat  is  still  strongly  peaked,  the  equilibrium  Prandtl 
number  NPf  s  j,c  /X  now  exhibits  a  siseable  peak  in  the  ionization  region,  before 
falling  off  to  the  low  value  characteristic  of  a  fully  ionized  gas.  This  behavior 
is  illustrated  in  figure  5  for  air;  the  values  of  p  and  K  used  in  calculating  this 
figure  were  obtained  from  the  present  report,  and  the  value  of  c  from  refer¬ 
ence  43. 

Figure  6  compares  the  total  thermal  conductivity  for  nitrogen  calculated  in  the 
present  report  with  some  experimental  measurements  obtained  by  Maecker^S 
in  the  electric  arc.  Maecker's  reeults  are  seen  to  agree  very  well  with  the 
calculations  at  the  lower  temparatueej  however  at  about  the  temperature  at 
which  significant  ionization  begins  to  occur,  the  experimental  thermal  con¬ 
ductivity  curve  starts  to  rise  rapidly  above  the  calculated  value,  and,  at  the 
highest  temperatures  observed,  it  is  about  an  order  of  magnitude  higher  than 
the  calculations.  Maecker  attributes  this  rapid  rise  to  the  reaction  thermal 
conductivity  of  ionization.  As  we  have  pointed  out  above  however,  the  reaction 
conductivity  could  not  have  such  a  high  value  unless  the  resonant  charge  ex¬ 
change  cross  ssetion  for  N-N+  were  almost  ar.  order  of  magnitude  less  than 
estimated  here  (see  figure  2).  Although  this  cross  section  is  not  known  ac¬ 
curately  at  present,  it  seems  very  unlikely,  on  theoretical  grounds,  that  it 
could  be  as  low  as  would  be  required  to  account  for  Maecker's  experimental 
data.  We  therefore  feel  that  the  discrepancy  between  Maecker's  data  and  the 
theoretical  calculations  must  still  be  regarded  as  unexplained. 
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Tampa  r 
atura 

CK; 


i 


Pressure  (atm) 


1,  000 
2,  000 

3,  000 

4,  000 

5,  000 

6,  000 

7,  000 

8,  000 
9,  000 

10,  000 
12,  000 
14, 000 
16, 000 
18c 000 
?0. 000 
22, 000 
4,  000 
26, 000 
?.8,  000 
30  300 


0. 199 
0.  319 
0.448 
0.533 
0.555 
0.636 
0.732 
0,  827 
0.914 
0.975 
0.937 
0.  661 
0.  357 
0.205 
0.  161 
0. 161 
0.  178 
0.205 
0.237 
0.272 


3 


0. 199 
0.  319 
0.445 
0.  567 
0.  577 
0.641 
0.  734 
0.830 
0.  922 
0.  999 
1.  05 
0.  889 
0.  593 
0.  358 
0.  248 
0.214 
0.215 
0.238 
0.268 
0.  305 


10 


0.199 
0.  319 
0.442 
0.581 
0.623 
0.  658 
0.  740 
0.833 
0.927 
1.01 
1.  12 
1.09 
0. «?? 
0.618 
0.431 
0.  332 
0.  301 
0.  304 
0.  326 
0,  360 


30 


0. 199 
0.  319 
0.440 
0.  579 
0.  672 
0.694 
0.  755 
0.  841 
0.933 
1.  02 

1.  17 
1. 21 
1,  10 
0.  899 
0.  686 
0.  527 
0.  447 
0.418 
0.420 
0.444 


TABLE  n 


FROZEN  THERMAL  CONDUCTIVITY 
*»  +  Kmt  FOR  HYDROGEN 

(in  mw/cm  -  °K) 


Temperature 

Pressure  (atm) 

(*K) 

1 

3 

10 

1 

30 

1,  000 

4.  37 

4.  37 

4.  37 

4.  37 

2,  000 

8.  06 

8.  06 

8.  05 

8.  05 

3,  000 

12.6 

12.4 

12.  3 

12.2 

4,  000 

15.9 

16.  8 

17.  2 

17.  1 

5,  000 

17.  1 

17.  7 

18.9 

20.4 

6,  000 

19.6 

19.8 

20.2 

21.  1 

7.  000 

22.  7 

22.  7 

22.9 

23.  2 

8,  000 

26.0 

25.9 

25.  9 

26.  0 

9,  000 

29.5 

29.4 

29.  3 

29.2 

1  ft  ft Art 
i  V,  UUU 

L 

SJ 

41  ft 
«7*-e  7 

ft 

.SA**  7 

4  9  CV 

^tff 

12. 000 

33.9 

37.  3 

39.4 

40.  1 

14, 000 

28.4 

35.8 

42.  1 

45.8 

16, 000 

22.7 

30.7 

40.  1 

47.4 

18, 000 

22.2 

28.  1 

37.  3 

46.9 

20, 000 

25.  1 

29.6 

37.  3 

46.  8 

22, 000 

29.9 

33.8 

40.  3 

48.8 

35.6 

39.4 

45.  7 

54.  1 

42.  2 

46.6 

53.  0 

61.0 

49.6 

54.4 

61.  3 

69.  2 

57.4 

63.  0 

70.9 

79.4 

TABLE  IV 


SI 


ELECTRICAL  CONDUCTIVITY  OF  EQUILIBRIUM  HYDROGEN 

(in  mhos /cm) 


Temperature 

CK) 


1, 

2, 

3. 

4. 

5, 

6, 

7, 

8, 

9, 

10,  000 
12,  000 
14,  000 
16, 000 
18, 000 
20, 000 
22,  000 
24. 000 
26, 000 
28, 000 
30,  000 


Pressure  (atm) 


1 

3 

10 

30 

1.83  x  10*14 

8. 08  x  10‘15 

3.  31  x  10*15 

1.47  x  10-15 

9.67  x  10*8 

4.  55  x  10‘8 

1.  92  x  10-8 

8. 64  x  10*^ 

1.38  x  1Q-* 

7.  56  x  10*5 

3.  70  x  10'5 

1.82  x  10‘5 

6.66  x  10‘3 

3.81  x  10-3 

2.  05  x  10-3 

1.  12  x  10-3 

0.  Ill 

6. 40  x  10“2 

3.  48  x  10-2 

1.99  x  lO*2 

0.840 

0.497 

0,  275 

0.  160 

3.47 

2.  17 

1.  25 

0.738 

9.  29 

6.39 

3.96 

2.43 

18.6 

14.  7 

10.4 

7.  11 

37.  0 

34.  5 

29-  7 

24.  1 

53.  5 

54.  0 

52.  1 

47.9 

67.  2 

71.  0 

73.4 

72.  1 

79.4 

86.  0 

91.4 

94.9 

90.  2 

98.  6 

108 

115 

101 

111 

122 

132 

112 

122 

136 

150 

123 

135 

149 

164 

135 

147 

163 

180 

145 

160 

177 

195 

TABLE  V 


BINARY  DIFFUSION  COEFFICIENTS  FOR  HYDROGEN 
AT  ATMOSPHERIC  PRESSURE 


Temperature 

*K 


4,  000 

5,  000 

6,  000 

7,  000 

8,  000 

9,  000 

10.  000 
12,  000 
14, 000 
16, 000 
18, 000 
20, 0C0 
22. 000 
24, 000 
26, 000 
28. 000 
30,  000 


Binary  Diffusion  Coefficient,  Djt  (cm2 

/•ec) 

(H.H2) 

(H.  H+) 

.  (H2,H+)* 

(e,H2) 

(e.H) 

17.  2 

2.  08 

2.68 

680 

189 

61.8 

6.45 

11.5 

1650 

676 

133 

12.4 

26.7 

2810 

1410 

230 

19.8 

48.  7 

4090 

2390 

354 

28.  5 

77.  7 

5510 

3630 

505 

38.6 

115 

7060 

5060 

684 

49.6 

157 

8740 

6820 

889 

61.8 

207 

10600 

8830 

1130 

74.9 

267 

12500 

11000 

1390 

89.  0 

334 

14700 

13500 

2010 

120 

480 

19500 

19300 

2760 

155 

682 

25300 

26000 

3620 

193 

924 

31900 

336C0 

4650 

234 

1210 

^QAnQ 

A  ">A  nr\ 

5S10 

278 

1550 

48300 

51800 

7090 

325 

1920 

57300 

62600 

8170 

376 

2340 

66200 

74200 

10200 

11900 

429 

2820 

74600 

87100 

484 

3360 

83400 

10IC00 

13900 

543 

3950 

92500 

116000 

TABLE  VI 


VISCOSITY  OF  EQUILIBRIUM  NITROGEN 
(in  rhillipoise) 


Pressure  (atm) 


4,  000 

5,  000 

6,  000 
7,000 
8,  000 
9,  000 

10, 000 
12, 000 
14. 000 
16, 000 
1ft.  (100 
20,  000 
22,  000 
24, 000 
26, 000 
28, 000 
30, 000 


1 

3 

1C 

30 

0.400 

0.40 

0.  400 

0.  400 

0.  631 

0.  631 

0.  631 

0.  631 

0.  853 

0.  853 

0.  853 

0.  853 

1.  07 

1.  07 

1.  07 

1.  07 

1.  28 

1.  28 

1.  28 

1.  28 

1.  51 

1.  50 

1. 49 

1. 48 

1.82 

1.  76 

1. 72 

1.  70 

2.  20 

2.  12 

2.  02 

1. 96 

2.46 

2.  45 

2.  38 

2.  28 

2.  62 

2.  66 

2.  66 

2.  61 

2.  51 

2.  76 

2.  94 

1.  70 

2.  26 

2.  77 

3.  07 

0.88 

1.43 

2.  15 

2.  70 

0.  56 

0.  88 

1. 47 

2.  10 

0.  51 

0.  69 

1.  Ob 

1.  38 

0.  56 

0.  68 

0.  92 

1.  28 

0.  60 

0.  73 

0.  92 

1.  19 

0.  56 

0.  76 

0.  97 

1.  21 

0.  44 

0.  70 

1. 01 

1.  27 

0.  30 

0.  57 

0.  95 

1.  30 

TABLE  VII 


FROZEN  THERMAL  CONDUCTIVITY  Kf  .  +  Kint 

FOR  NITROGEN 
(in  mw/cm-'K) 


TABLE  VIII 


EQUILIBRIUM  THERMAL  CONDUCTIVITY  k  -  K,  +  K, 
FOR  NITROGEN 
(in  mw /cm-'K) 


Temperature 

Pressure  (atm) 

(*K) 

1 

3 

10 

30 

9 

0.  671 

0.  671 

0.  671 

0.  671 

1.  17 

1.  17 

1.  17 

1.  17 

3,  000 

1.  64 

1.  64 

1.  64 

1.  64 

4,  000 

2.  36 

2.  24 

2.  17 

2.  14 

3,  000 

6.  34 

4.  75 

3.  75 

3.  24 

6,  000 

23.  1 

14.  8 

9.  98 

7.  08 

7,  000 

44.  5 

36.  5 

25.  1 

17.  0 

8,  000 

26.  4 

38.  2 

40.  0 

32.  3 

9.  000 

12.  9 

19.  6 

31. 6 

38.  3 

10, 000 

11.  5 

18.  6 

27.  9 

12, 000 

16.  2 

15.  7 

15.  9 

16.  9 

14, 000 

20.  4 

21.  0 

21.  0 

21.  2 

16, 000 

19,  9 

23  4 

26  1 

27.  1 

18,  000 

19.  6 

23.  7 

28.  7 

32.  2 

20, 000 

22.  3 

25.9 

30.  9 

36.  1 

22, 000 

27.  2 

34.  8 

40.  3 

24, 000 

32.  3 

35.  8 

40.  4 

46.  2 

26, 000 

38.  1 

42.  0 

47.  4 

53.  3 

28,  000 

43.  2 

48.  5 

54.  8 

61.  9 

30, 000 

47.  8 

54.  5 

62.  4 

70.  2 
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TABLE  X 


VISCOSITY  OF  EQUILIBRIUM  OXYGEN 
(in  mililpolae) 


Temperature 

CK) 

Pressure  (atm) 

1 

3 

10 

30 

1, 

0.  482 

0.  482 

0.  482 

0.482 

2, 

0,  732 

0.732 

0.732 

0.  732 

3, 

0.949 

0.  944 

0.940 

0.938 

4. 

000 

1.27 

i.  23 

1. 20 

1.17 

5, 

000 

1.54 

1.54 

1.52 

1.48 

6, 

000 

1.78 

1.78 

1.78 

1 . 77 

7. 

000 

2.  01 

2.  01 

2.01 

2. 

8, 

000 

2.  23 

2.  23 

2.23 

2. 

9, 

000 

2.  44 

2.  45 

2.  45 

2.  46 

10. 

000 

2.62 

2.  64 

2.66 

2.66 

12. 

000 

2.74 

2.90 

2.99 

3.04 

14, 

000 

2.  27 

2.  76 

3.  10 

3.  28 

16. 

000 

1.40 

2.  11 

2.80 

3.24 

18. 

000 

0.82 

1.36 

2. 16 

2.87 

20. 

000 

0.65 

0.95 

1.56 

2.  31 

22, 

000 

- - 

0.83 

1.22 

1.82 

24. 

000 

0.72 

0.86 

1 .  12 

1.56 

26, 

000 

0.79 

0.93 

1.16 

1.48 

28. 

000 

0.  77 

1. 00 

1.24 

1. 52 

30. 

000 

0.66 

0.98 

1. 30 

1.58 

TABLE  XI 


FROZEN  THERMAL  CONDUCTIVITY  Kf  a  Ku  +  Kint  FOR  OXYGEN 

(In  tnw/cm  -  *K) 


Pre«*ure  (»tm) 

(*K) 

1 

3 

10 

30 

1.  000 

0.754 

0.754 

0.  754 

C.  754 

2,  000 

1.25 

1.25 

1.  25 

1.25 

3.  000 

1.73 

1.  72 

1. 70 

1.70 

4.  000 

2.47 

2.39 

2.  30 

2.  23 

5.  000 

3.03 

3.02 

2,99 

2.93 

6,  000 

3,60 

3.56 

3.54 

3.55 

7.  OoO 

4.46 

4.  34 

4.22 

4.  19 

S,  000 

5.  72 

5.54 

5.  30 

9.  000 

7. 10 

6.99 

6.  75 

{rax  ■  ■ 

10, 000 

8.53 

8.  54 

8.  43 

■ 

12,  000 

11.4 

12.0 

12.  3 

14,  000 

13.7 

15.  2 

16.5 

17.  3 

16, 000 

15.4 

17.9 

20.5 

22.2 

16, 000 

16.1 

20.8 

24.3 

27.  3 

?n  nnn 

21. 5 

■*i  a  r* 

***•  O 

25.  4 

32.  5 

22,  000 

— 

29.6 

33.  6 

38.2 

24,  000 

32. 1 

35.5 

39.8 

45.0 

26, 000 

28.1 

41.9 

47.  1 

52.6 

28,  000 

42.6 

48.9 

54,7 

61.2 

30,  000 

47.2 

55.3 

62.9 

68.9 

TABLE  XII 


TABLE  XIII 


ELECTRICAL  CONDUCTIVITY  OF  EQUILIBRIUM  OXYGEN 

(in  mhoi/cm) 


Temperature 

(*K) 

Pressure  (atm) 

1 

3 

10 

30 

1,  000 

■  ,  —  ..  —  — 

8.  0  x  10-35 

2.  4  x  10-35 

1. 24  x  10*35 

5.  43  x  10-36 

2,  000 

2.  6  x  10-14 

1.  3  x  10*14 

6.  07  x  10*15 

2.  66  x  10'1;> 

3,  000 

1.  9  x  10-7 

9.  2  x  lO-8 

4, 81  x  10-8 

2.  10  x  10-8 

4,  000 

1.  0  x  10-3 

4.  1  x  10-4 

1.  55  x  10-4 

6.  36  x  10*5 

5,  000 

1.  1  x  10- 1 

5.  2  x  IQ*2 

2. 02  x  10-2 

8. 93  x  10-3 

6,  000 

1.  14 

0.  681 

0.  370 

0.  197 

7,  000 

5.  46 

3.  75 

2.  30 

1.  38 

8,  000 

13,  1 

10.  7 

7.  82 

5.  39 

9,  000 

21.  1 

19.  3 

16.  2 

12.  6 

10,  000 

28.  7 

27.  9 

25.  7 

22.  4 

12,  000 

43.  1 

44.  7 

45.  0 

44.  0 

14,  000 

57.  1 

60.  4 

63.  4 

65.  3 

16,  000 

68.  b 

74.  6 

80.  9 

84.  9 

18,  000 

79.8 

87.  8 

96.  5 

1C4 

20,  000 

89.  3 

99.  5 

110 

121 

22,  000 

— 

111 

123 

137 

24,  000 

Ill 

122 

137 

151 

26,  000 

118 

133 

150 

166 

28,  000 

118 

142 

161 

179 

30,  000 

115 

144 

170 

_ 

186 
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FROZEN  THERMAL  CONDUCTIVITY  Kf  ■  Ktt  +  Kint  FOR  AIR 


TABLE  XVI 


t  .  .. J>. 


EQUILIBRIUM  THERMAL  CONDUCTIVITY  K  »  Kf  +  K,  FOR  AIR 

(in  mw/ cm  -  *  K) 


Temperature 

(*K) 


1. 

2, 

3, 

4,  000 

5,  000 

6,  000 
7,  000 
6,  000 
9,  000 

10, 000 
12,  000 
14,  000 
16,  00C 
16, uuu 
20. 000 
22.  000 
24, 000 
26. 000 
28, 000 
30, 000 


Pressure  (atm) 


1 

3 

10 

30 

0.  690 

0.  690 

0.  690 

0.  690 

1.21 

1.  20 

1.  19 

1.  19 

3.83 

2.99 

2.41 

2.  08 

5.  00 

5.  55 

5.  38 

4.  65 

8.81 

7.  43 

6.  63 

6.  16 

21.  3 

15.  5 

11.  8 

9.  86 

35.  2 

31.  1 

23.4 

17.7 

19.  7 

29.  0 

32.  6 

28.  6 

11.  2 

15.  5  j 

24.  2 

30.  6 

11.  2 

12.  0 

1 5.  4 

21.  9 

16.  2 

15.  6 

15.  3 

15.9 

20.  7 

20.  7 

21.  6 

24.  4 

21.  6 

27.  1 

21.  5 

20.  8 

2  3.  2 

30.  3 

33.  7 

22.9 

-  -  -  - 

32.  2 

37.  9 

27.4 

30.  8 

36.  0 

42.  1 

32.  4 

36.  0 

41.  2 

47.  5 

38.  3 

42.  2 

47.8 

54.  2 

43.  4 

48.  8 

55.  1 

62.4 

48.  4 

54.  9 

62.  8 

70.  7 

TABLE  XVII 


TABLE  XVIII 


BINARY  DIFFUSION  COEFFICIENTS  FOR  THE  CONSTITUENTS  OF  AIR 
AT  ATMOSPHERIC  PRESSURE 


r—  ~  ■- 
Temperature 

Binary  Diffusion  Coefficient  D^j  (cm‘/sec) 

(*K) 

(N,  N2) 

(N  ,  N+)* 

(N*.  N+)* 

(N+,  N++) 

O 

O 

ro 

1.  000 

2.  34 

0.  313 

1.  06 

1. 78  x  10-5 

?..  40 

2,  000 

7.95 

0.  940 

3.99 

4. 33  x  lO*4 

7.  87 

3,  000 

16.4 

1.  79 

8.  67 

2. 90  x  10‘3 

15.  9 

4,  000 

27.  5 

2.  83 

15.  1 

1. 06  x  10'2 

26.  2 

5,  000 

41.  2 

4.  04 

23.  1 

2. 99  x  10-2 

37.  6 

6,  000 

57.4 

5,  40 

32.8 

6. 88  x  lO*2 

53.  1 

7.  000 

76.  0 

6.  91 

43.9 

0.  138 

69.  7 

8,  COO 

97.  2 

a.  53 

56.  7 

0.  245 

88.  2 

9,  000 

121 

10.  3 

71.  2 

0.  399 

109 

10,  000 

147 

12.  2 

86.  8 

0.  604 

131 

12,  000 

206 

16.  3 

123 

1.  23 

181 

14,  000  . 

274 

20.  8 

166 

2.  16 

238 

16,  000 

354 

25.  8 

214 

3.  38 

304 

18. 000 

439 

31.  2 

268 

4.93 

376 

20, GC0 

533 

36.  7 

328 

6.  85 

457 

22.  000 

637 

42.  9 

395 

9.  40 

544 

24. 000 

749 

49.  1 

464 

]?..  3 

639 

26. 000 

869 

56.  1 

541 

16.  1 

740 

28. 000 

998 

63.  0 

626 

20.  4 

849 

30, 000 

1130 

70.  3 

714 

25.  5 

966 

S.  4 

*.  ,*•  .*•  '*■  , 


Estimated  Interaction  Potential 


TABLE  XVIU  (Ccnt'd) 


BINARY  DIFFUSION  COEFFICIENTS  FOR  THE  CONSTITUENTS  OF  AIR 
AT  ATMOSPHERIC  PRESSURE 


TABLE  XVIII  (Cont'd  ) 


BINARY  DIFFUSION  COEFFICIENTS  FOR  THE  CONSTITUENTS  OF  AIR 
AT  ATMOSPHERIC  PRESSURE 


Eotimated  Interaction  Potential 


TABLE  XVIII  (Concl’d) 


BINARY  DIFFUSION  COEFFICIENTS  FOR  THE  CONSTITUENTS  OF  AIR 
AT  ATMOSPHERIC  PRESSURE 


•  ® 


1 - 

Temperature 

Binary  Diffueion  Coefficient,  D- 

(*K) 

(e.N)* 

(«.N2) 

(e.O)* 

1.  000 

1.58 

1.49 

7.80 

2,  000 

4.46 

2.90 

19.  6 

3,  000 

8.  19 

4.  65 

31.  0 

4,  000 

12.6 

6.64 

42.  0 

5,  000 

17.6 

8.90 

52.8 

6.  000 

23.  2 

11.  2 

62.  6 

7.  000 

29.  2 

13.8 

72.  3 

8,  000 

35.7 

16.4 

79,  6 

9,  000 

42.6 

19.  0 

86.  5 

10.  000 

49.8 

21.7 

94.4 

12.  000 

65.5 

26.6 

107 

14,  000 

82.6 

30.8 

120 

16,  000 

101 

34.  6 

133 

18,  000 

120 

37.4 

147 

20,  000 

141 

38.9 

160 

22,  000 

163 

40.  7 

178 

24.  000 

185 

42.  1 

195 

26.  000 

209 

43.5 

214 

28,  000 

234 

44.9 

235 

30,  000 

259 

46.3 

256 

- 

(e.Oz) 


2.  92 
7.  43 
11.  7 

15.4 

18. 4 
20.  3 
21.8 
23.  5 
25.  6 
29.  3 
38.  5 
43.  6 
59-3 
70.8 
82.  9 
95.  7 

109 

123 

137 

152 


(e,  NO) 


2.  19 
4.46 
6.  21 
7.  51 
8.81 
10.  5 
12.8 
16.  2 


32.4 

40.9 

49.9 
59.6 
69-8 
80.  5 
91-8 

103 

116 

128 


Estimated  Interaction  Potential 
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TEMPERATURE  ,’K 


Figur#  8  THERMAL  CONDUCTIVITY  OF  HYDROGEN  VERSUS  TEMPERATURE 

62-1734 


TEMPERATURE,** 


Figure  9  ELECTRICAL  CONDUCTIVITY  OF  HYDROGEN  VERSUS  TEMPERATURE 

62-1735 


TEMt’ERAT  URE  ,*K 


Figure  1 


mio 


E«I04 
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CONTINUUM  RADIATED  POWER  PER  UNIT  VOLUME  FROM 
HYDROGEN  VERSUS  TEMPERATURE 
62-1736 


VI S  COS  ITV,f»,  mil  llpeise 


TEMPERATURE, "K 


Figure  11  VISCOSITY  OF  NITROGEN  VERSUS  TEMPERATURE 
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ELECTRICAL  COROUCTIVITY,  <r  ,  mho*  /cm 


TEMPERATURE  ,'K 


Figure  13  ELECTRICAL  CONDUCTIVITY  OF  NITROGEN  VERSUS  TEMPERATURE 

62-1739 


-53- 


RAOtATEO  POMER,  R ,  mtti/cc 


TEMPERATURE,  *K 


Figure  14  CONTINUUM  RADIATED  POWER  POWER  PER  UNIT  VOLUME  FROM 
NITROGEN  VERSUS  TEMPERATURE 
62-1740 
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VISCOSITY 


/  /  / 1 . 


VI— 

0 


!  2 
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Figure  16  THERMAL  CONDUCTIVITY  OF  OXYGEN  VERSUS  TEMPERATURE 
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ELECTRICAL  CONDUCTIVITY,  tr,  mhoe/em 


RADIATED  POWER  ,  P,  vattl/cffl 


TEMPERATURE  ,  10  *K 


Figure  19  VISCOSITY  OF  AIR  VERSUS  TEMPERATURE 
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THERMAL  COKOUCTtYTTY  ,  K ,  MaHt/ea  *K 
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